(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date 
4 July 2002 (04.07.2002) 




PCT 



lllllilllllllllllllllllllli 

(10) International Publication Number 

wo 02/052644 A2 



(51) International Patent Classification^: HOIL 23/473, 
B81B 1/00 

(21) International Application Number: PCT/USO 1/45063 

(22) International Filing Date: 

28 November 200 1 (28. 1 1 .200 1 ) 



(25) Filing Language: 

(26) Publication Language: 
(30) Priority Data: 



Hnglish 
Hnglish 



09/727,140 



30 November 2000 (30. 1 1 .2000) US 



(71) Applicant: HARRIS CORPORATION [US/US], 1025 
West Nasa Blvd, Melbourne, 32919 (US). 

(72) Inventors: NEWTON, Charles; 1200 Monument Ave. 
SO, Palm Bay, FL 32909 (US). RUMPF, Raymond; 1270 
Cypress Circle, Melbourne. I'L 32934 (US), GAMLEN, 
Carol; 4815 l.akc Watcrford Way West, Apt #8, Mel- 
bourne, 32901 (US). 

(74) Agent: NIYOGI, Bidyut; 95 Bulldog Bvd. Ste 207, Mel- 
bourne, FL 32901 (UwS). 



(81) Designated States (national)-. Mi, AG, AL, AM, AT, AU, 

AZ. BA, BB, BG, BR, BY, B'/, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, IIR, IIU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, PH, PL, \n\ RO, RIJ, SD, SE, SG, SI, 
SK, SL, TJ, TM, TR, IT, TZ, UA, UG, UZ, VN, YU, ZA, 
ZW. 

(84) Designated States (regional): ARITO patent (GH, GM, 
KE. LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, CI I, CY, DE, DK, ES, H, FR, 
GB, GR, IE, IT, LU, MC, NL, Yi\ SIi, TR), OAPI patent 
(BF, BJ, C\\ CG, CI, CM. GA, GN, GQ, GW, ML. MR, 
NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations'* appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: THERMALLY ENHANCED MICROCIRCUIT PACKAGE AND METHOD OF FORMING SAME 



< 

m 

o 
O 




Fluid Input 




lOBT 



(57) Abstract: A thermally enhanced microcircuit package includes a microcircuit having a microcircuit device cavity thai receives 
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THERMALLY ENHANCED MICROCIRCUIT PACKAGE AND METHOD OF FORMING 
SAME 

This invention relates to cooling devices for semiconductor and microcircuit devices, and 
more particularly, this invention relates to a microcircuit package with enhanced cooling. 
5 More advanced electronic semiconductor and microcircuit devices used in military and 

advanced commercial systems demand advanced, state-of-the-art and compact electronic 
devices for multiple applications. Power tramsistors used as switches require high heat flux 
applications and transmit/ receive modules require iisothermal maintenance. Many of the 
thermal management approaches applied in the past no longer work adequately in these types 

10 of demanding applications. This is especially relevemt in advanced aircraft systems used in 
commercial and military apparatus. 

New microcircuit designs are adapted for use with more msmeuverable aircraft, higher 
power and density avionics, and more stealth-like aircraft These advanced electronic systems 
generate increased heat and must be kept cool for efficient operation. 

15 Known systems have used different types of heat sinks. These systems had high 

quiescent losses in hydraulic systems, inefficient mechanical pumps, and inefficient air-cycle 
refrigeration systems, thus demanding the use of extensive heat sinks. Also, with the increased 
use of variable displacement/ variable pressure hydromechanical systems, more innovative heat 
sinks and thermal capacitors have been designed and used. For example, some plastic or 

20 ceramic encapstdated devices have a copper slab heat sink with a bare back. Heat transfers 
through the leads to an attached PCB by conduction in copper traces. Large integrated 
microcircuit systems are operative with these heat sinks, but have not always been adequate. 

With the increase in the number of complicated and smaller "footprint" electronics and 
electronically controlled systems in aircrsift, there are new concentrated heat loads and harsher 

25 environments for ME A equipment (e.g., engine IS/G and stabiliator actuators). There are also 
increased thermal challenges in reducing the weight cuid volimie of MEA and similar 
components, such as from: (a) advanced localized cooling techniques; (b) enhanced heat 
transfer technologies; (c) micro-cooling technologies; (d) packaging concepts for high heat flux 
applications; (e) low loss/high temperature power semiconductors; and (f) high temperature 

30 motor/ generators. These enhanced heat transfer requirements for high heat flux and high 
density packaging require more advanced cooling systems to be applied directiy to individual 
integrated circuits for integral cooling of these circuits. Closed loop systems may be necessary 
in more advanced systems and should be self-contained, relative to the individual components. 
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and not rely on a larger system application. 

An object of the present invention is to provide a more efficient and thermally enhanced 
microcircuit package that provides integral cooling to microcircuit devices, such as 
semiconductor power transistors, and to provide a thermally enhanced microcircuit package 
5 that provides integral cooling to a microcircuit device. 

The present invention includes a thermally enhanced microcircuit package comprising 
a microcircuit package having a microcircuit device cavity, a microcircuit device received within 
the microcircuit device cavity, and a microelectromechanical (MEMS) cooling module 
operatively cormected to said microcircuit package, said cooling module including a capillary 

1 0 pumped loop cooling circuit having an evaporator, condenser and intercormecting cooling fluid 
channels for passing vapor and fluid between said evaporator and condenser and evaporating 
and condensing the cooling fluid, said evaporator is operatively associated with said 
microcircuit device for cooling said ixucrocircuit device when in use. 

Advantageously, a thermally enhanced microcircuit package includes a microcircuit 

15 package having a microcircuit device cavity, which receives a microcircuit device. A 
microelectromechanical (MEMS) cooling module is operatively cormected to the microcircuit 
package. This cooling module includes a capillary pumped loop cooling circuit having an 
evaporator, condenser and intercormecting cooling fluid channels for passing vapor and fluid 
between the evaporator cmd condenser and evaporating and condensing the cooling fluid. The 

20 evaporator is operatively associated with the microcircuit device for cooling the device when 
in use. 

In one aspect of the present invention, the capillary pumped loop cooling circuit is 
formed on a silicon base, i.e., silicon wafer, and includes an evaporator, condenser and 
intercormecting cooling fluid charmels formed in the silicon base. In another aspect of the 
25 present invention, the evaporator can be formed with at least a portion within the microcircuit 
package. 

In yet another aspect of the present invention, the thermally enhanced microcircuit 
package is a ball grid array package formed from low temperature co-fired ceramic (LTCC), and 
has a ball grid array, as known to those skilled in the art, and microcircuit device cavity that 
30 receives a microcircuit device, which can be an insulated gate bipolar transistor (IGBT) and 
ribbon bonded to the ball grid array, by techniques known to those skilled in the art. A cooling 
fltdd reservoir is operatively connected to the evaporator. A wicking structure is formed within 
the evaporator in one aspect of the present invention. The evaporator and condenser can be 
formed of a plurality of grooves, each having a height and width of about 25 to about 150 
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microns. The cooling fluid channels can also be formed as a plurality of vapor lines and a 
plurality of liqtdd lines, each having a length substantially greater than the width and height. 

The invention also includes a method of forming a microelectromechanical (MEMS) 
cooling module comprising the step of: 
5 deep reactive ion etching a silicon wafer and oxide layer deposited thereon to form a 

condenser, evaporator and interconnecting cooling fluid channels that are configured for 
attachment to a microcircuit package, said deep reactive ion etching step comprises a first deep 
reactive ion etching step to form a through-hole, and a second deep reactive ion etching step to 
form cooling fluid channels, including flie evaporator and condenser, including the step of 

10 plasma etching the deposited oxide layer to pattern the silicon wafer. 

Conveniently, a method of forming a microelectromechanical (MEMS) cooling module 
is also disclosed, and comprises the step of deep reactive ion etching (DRIE) a silicon wafer, and 
oxide layer deposited thereon, to form a condenser, evaporator and intercormecting cooling 
fluid channels that are configured for attachment to an integrated circuit package. This step can 

1 5 include a first deep reactive ion etching step to form a through-hole, and a second deep reactive 
ion etching step to form cooling fluid channels, including the evaporator and condenser. The 
method can also include the step of plasma etching the deposited oxide layer to pattem the 
silicon wafer. 

The present invention will now be described, by way of example, with reference to the 
20 accompanying drawings in which: 

FIG. 1 is a schematic, sectional diagram of a thermally enhanced microcircuit package 
of the present invention, formed as a ball grid array package, and having a 
microelectromechanical cooling module attached thereto. 

FIG. 2 is a schematic, isometric view of a test structure for testing the thermally enhanced 
25 microcircuit package shown in FIG. 1. 

FIG. 3 is a block diagram showing the operative components of the thermally enhanced 
microcircuit package of FIG. 1. 

FIG. 4 are non-limiting examples of specifications for a thermally enhanced microcirctiit 
package, such as shown in FIG. 1. 
30 FIG . 5 is a graph showing maocimum heat transport versus mciximum liquid/ vapor line 

length of an example of a thermally enhanced microcircuit package, such as shown in FIG. 1. 

FIG. 6 is an enlarged schematic, sectional view of a thermally enhanced microcircuit 
package, such as shown in FIG. 1. 

FIGS. 7-12 are diagrams showing the sequence of steps for fabricating in silicon the 
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interconnecting cooling fluid channels, evaporator and condenser. 

FIGS. 13-16 are diagrams illustrating the fabrication of a wicking structure in a glass 
cover plate. 

FIG. 17 A is a schematic, isometric view of the silicon base, i.e., silicon wafer, and 
5 showing the evaporator, condenser and the interconnecting cooling fluid channels for passing 
vapor and fluid between the evaporator and condenser, in accordance with a first embodiment 
of the thermally enhanced microcircuit package. 

FIG. 17B is a schematic, sectional view of the microcircuit package of FIG. 17A, showing 
the relationship between the glass wafer and silicon wafer, and the use of a reservoir with the 
10 evaporator. 

FIGS. 18A and 18B are views similar to FIGS. 17A and 17B, but showing a fill line 
operative with a condenser, and the addition of thermocouple wells for containing 
thermocouples that are used for temperature testing the circuit. 

FIG. 19 is another embodiment of the thermeilly enhanced microcircuit package with the 
15 evaporator formed in a different structural layer, as compared to the condertser and 
interconnecting cooling fluid chaimels. 

The present invention will now be described with reference to the accompanying 
drawings. Like munbers refer to Like elements throughout. 

The invention is directed to a thermally enhanced microcircuit package 20a and is 
20 advantageous because it provides a microelectromechanical (MEMS) cooling module 20 that is 
operatively connected to a microcircuit package 22, such as the illustrated ball grid array 
package used for packaging a microcircuit device. An example of such a device is the insulated 
gate bipolar transistor (IGBT) 24. The cooling module 20 has a capillary pumped loop circuit 
26 to provide integral cooling to the microcircuit device that is received within a microcircuit 
25 device cavity 28 of the package, which in the illustrated embodiment, is formed as a ball grid 
array package. The microcircuit package will be described herein as a ball grid array package, 
but different types of electronic device packages can be used with the present invention. 

The ball grid array package 22 is formed from a low temperature co-fired ceramic 
(LTCC) material in one aspect, and includes the microcircuit device cavity 28 cind receives the 
30 microcircuit device in the form of the illustrated insulated gate bipolar transistor 24. 

Insulated gate bipolar transistors are powerful transistors that can switch up to 1000 
amperes. MOSFET and bipolar transistors are combined to create the IGBT. Cxirrent flow is 
enabled by the application of voltage to a metal gate where the voltage sets up an electric field 
that repels positively charged holes away from the gate. At the same time, it attracts electrons, 

4 
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forming the N-channel through which the current flows. In the P-N-P bipolar transistor formed 
as part of the IGBT, a small control current adds electrons to the base, and attracts holes from 
the emitter. These holes flow from the emitter to the collector and form a large working current. 
A control voltage is applied to a MOSFET and establishes a working current, which in tum, is 
5 applied as a control current to the base of the P-N-P bipolar transistor forming part of the IGBT. 
This control current allows the larger working current to flow in the bipolar transistor. Thus, 
the working current of the IGBT is the combined working currents of both the MOSFET cind the 
bipolar transistor, allowing this type of device to have a power gain of about 10 million, 
corresponding to the ratio of the working current and voltage to the control current and voltage. 

10 This gain allows this device to connect to microelectronic circuits that can be monolithicaUy 
formed with other circuits to form a power device, such as an IGBT power device. 

The ball grid array package 22 includes a ball grid array 30 formed from solder or other 
known materials, and uses ball grid array fabrication techniques known to those skilled in the 
art, including the use of ceramic material, such as low temperature co-fired ceramic. The 

1 5 insulated gate bipolar transistor 24 can be ribbon bonded by a ribbon bond 24a or other bonding 
techniques to the ball grid array 30 by techniques known to those skilled in the art. For 
example, the insulated gate bipolar transistor could be part of a device structure having a 
backside that is bonded and circuit connected, as known to those skilled in the art. 

The invention, the microelectromechanical (MEMS) cooling module 20 is operatively 

20 connected to the ball grid array package 22 as shown in FIGS. 1 and 6. This cooling module 
includes the capilleuy pumped loop cooling circuit 26 having an evaporator 40, condenser 42, 
and interconnecting cooling fluid channels 44 for passing vapor and fluid between the 
evaporator and condenser and evaporating and condensing the cooling flxiid. 

As shown in FIG. 3, the basic components of the microelectromechanical cooling module 

25 20 include the condenser 42 and evaporator 40, which is operative as an evaporator capillary 
pxmip. The evaporator 40 includes a wicking structure 46 to aid in wicking fluid during 
operation by wicking effect known to those skilled in the art. The interconnecting cooUng fluid 
channels 44 are formed as a plurality of vapor lines 47 and a plurality of liquid lines 48, each 
having a length substantially greater than the width and height, as shown in the schematic 

30 isometric views of FIGS. 17A and 17B. A fluid reservoir 50 can be operative with the evaporator 
40 and cormected to the evaporator by a reservoir feed line 52, as shown in FIG. 3. Heat is 
drawn from the microcircuit device, e.g., insulated gate bipolar transistor, and returned via the 
vapor line 47 to the condenser 42, which condenses the vapor and then returns liquid to the 
evaporator by the capillary pimiped action, aided by the wicking structure 46. 

5 
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The microelectromechanical cooling module 20 of the present invention can be formed 
by standard microcircuit fabrication techniques within a silicon base, i.e., a silicon wafer. The 
module 20 has a glass cover 54 positioned over the silicon base 53, and enclosing the evaporator 
40, condenser 42 and intercoruiecting cooling fluid channels 44, as shown in FIGS. 17B and 18B 
5 in one aspect of the present invention. 

FIGS. 7-12 illustrate basic structural diagrams showing the steps used in fabricating these 
components in silicon. As shown in FIG. 7, the silicon wafer 53 has a thermal oxide film 60 
deposited in a thickness, such as two micrometers thick. This deposition is followed by 
photolithography, as shown in FIG. 8, where a photoresist 62 is appUed to the oxide, and then 
10 plasma etched to pattern the cheinnels, as shown in FIG. 9. A second photoresist 64 is placed 
on the oxide, and a second photolithography step accomplished as shown in FIG. 10. A first 
deep reactive ion etching (DRIE) occurs of the through-hole 66, followed by a second deep 
reactive ion etching as shown in FIG. 12, to create cooling fluid charmels 68. 

FIGS. 13-16 illustrate the steps used for fabricating the wicking structure in the glass 
15 cover plate 54, which can be used with the present invention. This glass cover plate can be 
formed, aligned with, and anodically bonded to the silicon wafer, completing fabrication of the 
micro capillary pimiped loop cooling circuit that forms a closed loop circuit, as explained before. 
In a first step, an undoped polysiUcon 70 is deposited to about 1.4 micrometers on a glass wafer 
72. A photoresist 74 is applied, as shown in FIG. 14, followed by a photolithography step. In 
20 FIG. 15, the polysilicon 70 is plasma etched to pattem that polysilicon layer, followed by a wet 
etch using concentrated hydrochloric acid to form the wicking structure on the glass wafer, 
which is then anodically bonded to the silicon wafer, thus completing fabrication. 

FIG. 4 illustrates basic specifications of a thermally enhanced microcircuit, such as 
shown in FIG. 6, with the different condenser area, evaporator length, groove height, groove 
25 width/ number, vapor line hydraulic diameter, liquid line hydraulic diameter, maximum 
reynolds number for the liquid line and vapor line. These figures only give cin example of what 
types of package could be fabricated in accordance with the present invention. 

FIG. 5 iQustrates a graph showing the maximum heat transport versus the maximum 
liquid / vapor Une length, showing the maximiun liquid/ vapor line length in millimeters on the 
30 vertical axis, and the total Q, in watts (W), on the horizontal axis. 

FIG. 2 illustrates a test fixture 80 that could be used for testing the thermally enhanced 
microcircuit package 20a of the present invention and shows a printed wire board (PWB) 82 
with a connector 84 that would have a cable attached thereto for connection to a test mechanism. 
A flush, ball grid array (BGA) socket 86 receives a carrier 88 holding the thermally enhanced 

6 
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microcircuit package, i.e., the thermally enhanced baU grid array (TBGA) package for the 
insulated gate bipolar transistor. 

FIG. 17 A illustrates a first embodiment of the package 20a, and showing the wicking 
structure 46 received within the evaporator 40, and the fluid 50 reservoir associated with the 
5 evaporator. The vapor lines and liquid lines are connected to the condenser 42 as described 
before. FIG. 17B is a cross section of the structure shown in FIG. 17A. 

The structure in FIG. 17A, can have the following examples (A and B) of specifications 
for an operative insulated gate bipolar transistor baU grid array package as illustrated: 
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Evaporator Length 
Evaporator Width 
Condenser Area 
Groove Height 
Groove Width/ Number 
Vapor Line Width 
Liquid Line Width 
Vapor/ Liquid Line Length 
Liquid Line Re Number 
Vapor Line Re Number 
Projected Heat Removal 



A 

1000 microns 

50 microns 

5.0e+05 sq. microns 

50 microns 

50 microns / 4 

150 X 350 microns 

150 X 150 microns 

25 mm 

28 

434 

4 watts 



B 

1000 microns 
500 microns 
5,Oe-»-05 sq. microns 
50 microns 
50 microns / 4 
150 X 450 microns 
150 X 150 microns 
35 mm 
43 
494 

4 watts 



20 FIGS. 18A and 18B show einother embodiment where the fluid reservoir 50 is spaced, 

as shown in FIG. 18A. Thermocouple receiving wells 90 are formed in the vapor lines and 
liquid lines for receiving thermocouples that measure temperature. A fill hole 92 is operatively 
cormected by filling lines to the condenser, while a separate fluid reservoir is cormected by the 
reservoir feed line to the evaporator, as shown in FIGS. ISA and 18B. 

25 The structure of FIGS. 18A and 18B can have various dimensions, and as an example. 



are: 



30 



Evaporator Length 
Evaporator Width 
Condenser Area 
Groove Height 
Groove Width/Number 



A 

2000 microns 
1000 microns 
2.0e+06 sq. microns 
50 microns 
50 microns / 8 



B 

2000 microns 
1000 microns 
2.0e+06 sq. microns 
50 microns 
50 microns / 8 
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Vapor Line Width 
Liquid Line Width 
Vapor/ Liquid Line Length 
Liquid Line Re Number 
Vapor Line Re Number 
Projected Heat Removal 



150 X 350 microns 

150 X 150 microns 

25 mm 

42 

578 

4 watts 



150 X 450 microns 

150 X 150 microns 

35 mm 

42 

488 

4 watts 



FIG. 19 illustrates an embodiment where the condenser is formed within the silicon 
base, i.e., silicon wafer, while various substrates, such as different ceramic substrate, e.g., low 
temperature co-fired ceramic, include an evaporator and lines as shown in FIG. 19. Two layers 
1 0 100, 102 are followed by the evaporator layer 104, 

Examples of the dimensions for the structure of FIG. 19 are shown below: 



15 



20 



Evaporator Length 
Evaporator Width 
Condenser Area 
Groove Height 
Groove Width/ Number 
Vapor Line Width 
Liquid Line Width 
Vapor/ Liquid Line Length 
Liquid Line Re Number 
Vapor Line Re Number 
Projected Heat Removal 



10000 nucrons 
50000 microns 
7.5e+09 sq. microns 
150 microns 
50 microns / 50 
2500 X 1300 microns 
1000 X 1300 microns 
30 mm 
312 
4379 

227 watts 



The present invention provides an efficient and easily fabricated, self-contained and 
enclosed loop system. It is formed as a microelectromechanical (MEMS) cooling module that 

25 has a capillary piunped loop cooling circuit with an evaporator, condenser, and intercormecting 
cooling fluid charmels. The fluid used could be alcohol or water, depending on end use 
application and necessary heat exchange requirements. The wicking structure can be fabricated 
in a glass wafer, as shown in the steps of FIGS. 13-16, or could be fabricated in silicon, 
depending on end use requirements. The reservoir ports, including the fill ports, could be 

30 relocated and different ports added to aid in filling, and provide direct liquid access to the 
evaporator. 

Temperature measiurement wells are also provided as shown in FIG. 18A. The 
thermocouples would give the temperature in the evaporator, condenser and cooling fluid lines. 
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Both vertical and horizontal configurations could be fabricated. The structure can be 
integrated into electronic micro packages, while making the use of high surf ace-to- volume ratios 
to enhance heat transport. The structure can make use of micro scale heat transport concepts 
and can be integrated directly into silicon and SiC electronic packages for high heat flux/ high 
5 temperature applications, while reducing mass, voliune and the cost of thermal management 
approaches. The integrated cooling circuit decreases the interfaces providing for the potential 
to increase electronics reliability. Microf ins could also be integrated into an electronics package. 

The thermally enhanced package, such as the thermally enhanced ball grid array 
package for the IGBT as illustrated, can be adapted for use with traditional thermal 
1 0 management techniques, and provide multiple interconnect paths for high current applications. 
It is expandable to include sensing and control interconnects and can be used for circuit 
isolation, and adjustable over current protection. It can have a software triggable shutdown, 
or mcinuaUy triggable shutdown. 

A thermally enhanced microcircuit package includes a microcircuit package having a 
15 microcircuit device cavity that receives a microcircuit device. A microelectromechanical 
(MEMS) cooling module is operatively cormected to the microcircuit package and forms a 
capillary pumped loop cooling circuit having an evaporator, condenser and interconnecting 
cooling fluid channels for passing vapor and fluid between the evaporator and condenser and 
evaporating and condensing the cooling fluid. 
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CLAIMS: 

1. A thermally enhanced microcircuit package comprising a microcircuit package 
having a microcircuit device cavity, a microcircuit device received within the microcircuit 
device cavity, and a microelectromechanical (MEMS) cooling module operatively connected to 
5 said microcircuit package, said cooling module including a capillary pumped loop cooling 
circuit having an evaporator, condenser and interconnecting cooling fluid chaimels for passing 
vapor and fluid between said evaporator and condenser and evaporating and condensing the 
cooling fluid, said evaporator is operatively associated with said microcircuit device for cooling 
said microcircuit device when in use. 
10 2. A thermally enhanced microcircuit package as claimed in claim 1, wherein said 

evaporator and condenser are both formed within a silicon base, and said condenser is formed 
within a silicon base and said evaporator is at least partially formed within said microcircuit 
package. 

3. A thermally enhanced microcircuit package as claimed in claim 2, wherein said 
15 microcircuit package is formed of low temperature co-fired ceramic (LTCC). 

4. A thermally enhanced microcircuit package as claimed in claim 1, wherein a 
cooling fluid reservoir is operatively connected to said evaporator, with a wicking structure 
formed within said evaporator. 

5. A thermally enhanced microcircuit package as claimed in claim 1, wherein said 
20 evaporator and said condenser are formed as a plurality of grooves, each having height and 

width of about 25 to about 150 microns, in which said cooling fluid chaimels are formed as a 
plurality of vapor lines and a plurality of liquid lines having a length substantially greater than 
said width and height 

6. A thermally enhanced microcircuit package comprising a microcircuit package 
25 having a microcircuit device cavity, a microcircuit device received within the microcircuit 

device cavity, and a microelectromechanical (MEMS) cooling module operatively connected to 
said rcucrocircuit package, said cooling module including a capillary pumped loop cooling 
circuit having a silicon base and an evaporator, condenser and interconnecting cooling fluid 
channels associated with said silicon base for passing vapor and fluid between said evaporator 
30 and condenser and evaporating and condensing the cooling fluid, said evaporator is operatively 
associated with said microcircuit device for cooling said device when in use, and a glass cover 
positioned over said silicon base and closing said evaporator, condenser and interconnecting 
cooling fluid chaimels. 
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6. A thermally enhanced microcircuit package as claimed in claim 6, wherein said 
evaporator and condenser are both formed within sedd silicon base, and said condenser is 
formed within said silicon base and said evaporator is formed within said microcircuit package, 
in which said microcircuit package is formed of low temperature co-fired ceramic (LTCC) 

5 material. 

7. A thermally enhsmced microcircuit package as claimed in claim 6, wherein a cooling 
fluid reservoir is operatively connected to said evaporator, a wicking structure formed within 
said evaporator, said evaporator and said condenser are formed of a plurality of grooves, each 
having height and width of about 25 to about 150 microns, in which said cooling fluid channels 

10 are formed as a plurality of vapor lines and a plurality of liquid lines, each having a length 
substantially greater than said width and height. 

8. A thermally enhanced ball grid array package comprising a ball grid array package 
and having a ball grid array and a microcircuit device cavity, a microcircuit device received 
within the microcircuit device cavity, and a microelectromechanical (MEMS) cooling module 

1 5 operatively connected to said ball grid array package, said cooling module including a capillary 
pumped loop cooling circidt having an evaporator, condenser and interconnecting cooling fluid 
channels for passing vapor and fluid between said evaporator and condenser and evaporating 
and condensing the cooling fluid, wherein said evaporator is operatively associated with said 
microcircuit device for cooling said device when in use. 

20 9. A thermally enhanced ball grid array package as claimed in claim 9, wherein said 

microcircuit device is formed as an insulated gate bipolar transistor, said insulated gate bipolar 
transistor is ribbon bonded to said ball grid array. 

10. A thermally enhanced ball grid array package as claimed in claim 8, wherein said 
evaporator and condenser are both formed within a silicon base, said condenser is formed 

25 within a silicon base and said evaporator is formed at least partially within said ball grid array 
package, said ball grid array package is formed of low temperature co-fired ceramic (LTCC), 
including a cooling fluid reservoir operatively connected to said evaporator. 

11. A thermally enhanced ball grid array package as claimed in claim 8, wherein a 
wicking structure formed within said evaporator, said evaporator and said condenser are 

30 formed of a plurality of grooves each having height and width of about 25 to about 150 microns, 
in which said cooling fluid channels are formed as a plurality of vapor lines and a plurality of 
liquid lines, each having a length substantially greater than said width and height. 

12. A method of forming a microelectromechcinical (MEMS) cooling module 



11 



wo 02/052644 



PCT/USO 1/45063 



comprising the step of: 

deep reactive ion etching a silicon wafer and oxide layer deposited thereon to form a 
condenser, evaporator and interconnecting cooling fluid channels that aire configured for 
attachment to a microcircuit package, said deep reactive ion etching step comprises a first deep 
5 reactive ion etching step to form a through-hole, and a second deep reactive ion etching step to 
form cooling fluid channels, including the evaporator and condenser, including the step of 
plasma etching the deposited oxide layer to pattem the silicon wafer. 
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THERMALLY ENHANCED MICROCIRCUIT PACKAGE AND METHOD OF FORMING 
SAME 

This invention relates to cooling devices for semiconductor and microdrcuit devices, and " 
more particularly, this invention relates to a microcircuit package with enhanced cooling. 
5 More advanced electronic semiconductor and microcircuit devices used in military and 

advanced commercial systems demand advanced, state-of-the-art and compact electronic 
devices for multiple applications. Power transistors used as switches require high heat flux 
applications and transmit/ receive modides require iisothermal maintenance. Many of the 
thermal management approaches applied in the past no longer work adequately in tiiese types 

10 of demanding applications. This is especially relevant in advanced aircraft systems used in 
commercial and military apparatus. 

New microcircuit designs are adapted for use with more maneuverable aircraft, higher 
power and density avionics, and more stealth-like aircraft These advanced electronic systems 
generate increased heat and must be kept cool for efficient operation. 

15 Known systems have used different types of heat sinks. These systems had high 

quiescent losses in hydraulic systems, inefficient mechanical pumps, and inefficient air-cycle 
refrigeration systems, thus demanding the use of extensive heat sinks. Also, with the increased 
use of variable displacement/ variable pressure hydromechanical systems, more innovative heat 
sinks and thermal capacitors have been designed and used. For example, some plastic or 

20 ceramic encapsulated devices have a copper slab heat sink with a bare back. Heat transfers 
through the leads to an attached PCB by conduction in copper traces. Large integrated 
microcircuit systems are operative with these heat sinks, but have not always been adequate. 

With the increase in the number of complicated and smaller "footprint" electronics and 
electronically controlled systems in aircraft, there are new concentrated heat loads and harsher 

25 environments for MEA eqtxipment (e.g., engine IS/G and stabiliator actuators). There are also 
increased thermal challenges in reducing the weight and volume of MEA and similar 
components, such as from: (a) advanced localized cooling techniques; (b) enhanced heat 
transfer technologies; (c) micro-cooling technologies; (d) packaging concepts for high heat flux * 
applications; (e) low loss/high temperature power semiconductors; and (f) high temperature 

30 motor/ generators. These enhanced heat transfer requirenients for high heat flux and high 
density packaging require more advanced cooling systems to be applied direcfly to individual 
integrated circuits for integral cooling of fliese circuits. Qosed loop systems may be necessary 
in more advanced systems and shoidd be self-contained, relative to the individual components. 
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and not rely on a larger system application. 

An object of the present invention is to provide a more efficient and thermally enhanced 
microcircuit package that provides integral cooUng to microcircuit devices, such as 
semiconductor power transistors, and to provide a thermally enhanced microcircuit package 
5 that provides integral cooling to a microcircuit device. 

The present invention includes a thermally enhanced microcircuit package comprising 
a microcircuit package having a microcircuit device cavity, a microcircuit device received within 
the microcircuit device cavity, and a microelectromechardcal (MEMS) cooling module 
operatively connected to said microcircuit package, said cooling module including a capiQary 

10 pximped loop cooling circuit haying an evaporator, condenser and intercormecting cooling flmd 
channels for passing vapor and fliud between said evaporator and condenser and evaporating 
and condensing the cooUng fluid, said evaporator is operatively associated with said 
microcircuit device for cooHng said microcircuit device when in use. 

Advantageously, a thermally enhanced microcircuit package includes a microcircuit 

15 package having a microcirctdt device cavity, which receives a microdrcuit device. A 
microelectromechanical (MEMS) cooling module is operatively cormected to the microcircuit 
package. This cooling modide includes a capillary pumped loop cooling circuit having an 
evaporator, condenser and interconnecting cooUng fluid channels for passing vapor and fluid 
between the evaporator and condenser and evaporating and condensing the cooling fluid. The 

20 evaporator is operatively associated with the microcircuit device for cooling the device when 
in use. 

In one aspect of the present invention, the capillary pumped loop cooling circuit is 
formed on a silicon base, i,e., silicon wafer, and includes an evaporator, condenser and 
interconnecting cooling fluid channels formed in the sULcon base. In another aspect of the 
25 present invention, the evaporator can be formed with at least a portion within the microcircuit 
package. 

In yet another aspect of the present invention, the thermally enhanced microcircuit 
package is a ball grid array package formed from low temperature co-fired ceramic (LTCC), and 
has a ball grid array, as known to tiiose skilled in the art, and microcirctdt device cavity that 
30 receives a microcirctdt device, which can be an insulated gate bipolar transistor (IGBT) and 
ribbon bonded to the ball grid array, by techniques known to those skilled in the art. A cooling 
fluid reservoir is operatively connected to the evaporator. A wicking structure is formed within 
the evaporator in one aspect of the present invention. The evaporator and condenser can be 
formed of a plurality of grooves, each having a height and width of about 25 to about 150 
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microns. The cooling fluid channels can also be formed as a plurality of vapor lines and a 
plurality of liquid lines, each having a length substantially greater than the width and height. 

The invention also includes a method of forming a microelectromechanical (MEMS) 
cooling module comprising the step of: 
5 deep reactive ion etching a siUcon wafer and oxide layer deposited thereon to form a 

condenser, evaporator and interconnecting cooling fluid chaimels iiiat are configured for 
attachment to a microcircuit package, said deep reactive ion etching step comprises a first deep 
reactive ion etching step to form a through-hole, and a second deep reactive ion etching step to 
.form cooling fltiid channels, including the evaporator and condenser, including the step of 
.10 plasma etching the deposited oxide layer to pattem the silicon wafer. 

Conveniently, a method of forming a inicroelectromechanical (MEMS) cooling module 
is also disclosed, and comprises the step of deep reactive ion etching (DRIE) a silicon wafer, and 
oxide layer deposited thereon, to form a condenser, evaporator and interconnecting cooling 
fluid channels that are configured for attachment to an integrated circuit package. This step can 
1 5 include a first deep reactive ion etching step to form a through-hole, and a second deep reactive 
ion etching step to form cooling fltiid channels, including the evaporator and condenser. The 
method can also include the step of plasma etching the deposited oxide layer to pattem the 
silicon wafer. 

The present invention will now be described, by way of example, with reference to the 
20 accompanying drawings in which: 

FIG. 1 is a schematic, sectional diagram of a thermally enhanced microcircuit package 
of the present invention, formed as a ball grid array package, and having a 
microelectromechanical cooling module attached thereto. 

FIG. 2 is a schematic, isometric view of a test structure for testing tiie thermally enhanced 
25 microcircuit package shown in FIG. 1. 

FIG. 3 is a block diagram showing the operative components of the thermally enhanced 
microcircuit package of FIG. 1. 

FIG. 4 are non-limiting examples of specifications for a thermally enhanced microcirctiit 
package, such as shown in FIG. 1. 
30 FIG. 5 is a graph showing maximum heat transport versus maximum liquid/ vapor line 

length of an example of a thermally enhanced microcircuit package, such as shown in FIG. 1. 

FIG. 6 is an enlarged schematic, sectional view of a thermally enhanced microcircuit 
package, such as shown in FIG. 1. 

FIGS. 7-12 are diagrams showing the sequence of steps for fabricating in silicon the 
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interconnecting cooling fltdd channels, evaporator and condenser. 

FIGS. 13-16 are diagrams illustrating the fabrication of a wicking structure in a glass 
cover plate. 

FIG. 17A is a schematic, isometric view of the silicon base, i.e., silicon wafer, and 
5 showing the evaporator, condenser and the interconnecting cooling fluid channels for passing 
vapor and fluid between the evaporator and condenser, in accordance with a first embodiment 
of the thermally enhanced microdrcuit package. 

FIG. 17B is a schematic, sectional view of the microcircuit package of FIG. 17A, showing 
tiie relationship between the glass wafer and silicon wafer, and the use of a reservoir with the 
10 evaporator. 

FIGS. 18A and 18B are views similar to FIGS. 17A and 17B, but showing a fill line 
operative with a condenser, and the addition of thermocouple weUs for containing 
thermocouples tiiat are used for temperature testing the circuit. 

FIG. 1 9 is another embodiment of the thermally enhanced microcircuit package with the 
15 evaporator formed in a different structural layer, as compared to the condenser and 
interconnecting cooling fluid channels. 

The present invention will now be described with reference to the accompanying 
drawings. Like numbers refer to like elements throughout. 

The invention is directed to a thermally enhanced microcircuit package 20a and is 
20 advantageous because it provides a microelectromechanical (MEMS) cooling modtde 20 that is 
operatively connected to a microcircuit package 22, such as the illustrated ball grid array 
package used for packaging a microcircuit device. An example of such a device is the insulated 
gate bipolar transistor (IGBT) 24. The cooling module 20 has a capillary pumped loop circuit 
26 to provide integral cooling to the microcircuit device that is received within a microcircuit 
25 device cavity 28 of the package, which in the illustrated embodirnent, is formed as a ball grid 
array package. The microcircuit package will be described herein as a ball grid array package, 
but different types of electronic device packages can be used with the present invention. 

The ball grid array package 22 is formed from a low temperature co-fired ceramic 
(LTCC) material in one aspect, and includes the microcircuit device cavity 28 and receives the 
30 microcircuit device in the form of the illustrated insulated gate bipolar transistor 24. 

Insulated gate bipolar transistors are powerful transistors that can switch up to 1000 
amperes. MOSFET and bipolar transistors are combined to create the IGBT, Current flow is 
enabled by the application of voltage to a metal gate where the voltage sets up an electric field 
that repels positively charged holes away from the gate. At the same time, it attracts electrons, 
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f omiing the N-channel through which the ciirrent flows. In the P-N-P bipolar transistor formed 
as part of the IGBT, a small control current adds electrons to the base, and attracts holes from 
the emitter. These holes flow from the emitter to the collector and form a large working current. 
A control voltage is applied to a MOSFET and establishes a working current which ia turn, is 
5 applied as a control current to the base of the P-N-P bipolar transistor forming part of the IGBT. 
This control current allows the larger working current to flow in the bipolar transistor. Thus, 
the working current of the IGBT is the combined working currents of both the MOSFET and the 
bipolar transistor, allowing this type of device to have a power gain of about 10 million, 
corresponding to the ratio of the working current and voltage to the control current and voltage. 

10 This gain allows this device to connect to microelectronic circuits that can be monolithically 
formed with other circuits to form a power device, such as an IGBT power device. 

The ball grid array package 22 includes a ball grid array 30 formed from solder or other 
known materials, and uses bedl grid array fabrication techniques known to those skilled in the 
art, including the use of ceramic material, such as low temperature co-fired ceramic. The 

1 5 insulated gate bipolar transistor 24 can be ribbon bonded by a ribbon bond 24a or other bonding 
techniques to the ball grid array 30 by techniques known to those skilled in the art. For 
example, the insulated gate bipolar transistor could be part of a device structure having a 
backside that is bonded and circuit connected, as known to those skilled in the art 

The invention, the microelectromechanical (MEMS) cooling modide 20 is operatively 

20 connected to the ball grid array package 22 as shown in FIGS. 1 and 6. This cooling modtde 
includes the capillary pumped loop cooling circuit 26 having an evaporator 40, condenser 42, 
and interconnecting cooling fluid channels 44 for passing vapor and fluid between the 
evaporator and condenser and evaporating and condensing the cooling fluid. 

As shown in FIG. 3, the basic components of the microelectromechanical cooling module 

25 20 include the condenser 42 and evaporator 40, which is operative as an evaporator capillary 
ptunp. The evaporator 40 includes a wicking structure 46 to aid in wicking fluid during 
operation by wicking effect known to those skilled in the art. The interconnecting cooling fluid 
chaimels 44 are formed as a plurality of vapor lines 47 and a plurality of liquid lines 48, each 
having a length substantially greater than the width and height, as shown in the schematic 

30 isometric views of FIGS. 17A and 17B. A fltdd reservoir 50 can be operative with the evaporator 
40 and connected to the evaporator by a reservoir feed line 52, as shown in FIG. 3, Heat is 
drawn from the microcircuit device, e.g., insulated gate bipolar transistor, and returned via the 
vapor line 47 to the condenser 42, which condenses the vapor and then returns liquid to the 
evaporator by the capillary pumped action, aided by the wicking structure 46. 

5 
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The microelectromechaivLcal cooling module 20 of the present invention can be formed 
by standard microcirciiit fabrication techniques within a silicon base, i.e., a silicon wafer. The 
modtde 20 has a glass cover 54 positioned over the siHcon base 53, and enclosing the evaporator 
40, condenser 42 and interconnecting cooling fluid channels 44, as shown in FIGS. 17B and 18B 
5 in one aspect of the present invention. 

FIGS. 7-1 2 illustrate basic structural diagrams showing the steps used in fabricating these 
components in silicon. As shown in FIG. 7, the silicon wafer 53 has a thermal oxide film 60 
deposited in a thickness, such as two micrometers thick. This deposition is followed by 
photolithography, as shown in FIG. 8, where a photoresist 62 is applied to the oxide, and then 
10 plasma etched to pattern tlie channels, as shown in FIG. 9. A second photoresist 64 is placed 
on the oxide, and a second photolithography step accomplished as shown in FIG. 10. A first 
deep reactive ion etching (DRIE) occurs of the through-hole 66, followed by a second deep 
reactive ion etching as shown in FIG. 12, to create cooling fluid channels 68. 

FIGS. 13-16 illustrate the steps used for fabricating the wicking structure in the glass 
15 cover plate 54, which can be used with the present invention. This glass cover plate can be 
formed, aligned with, and anodicaUy bonded to the silicon wafer, completing fabrication of the 
micro capillary pumped loop cooling circuit that forms a closed loop circuit, as explained before. 
In a first step, an undoped polysilicon 70 is deposited to about 1.4 micrometers on a glass wafer 
72. A photoresist 74 is applied, as shown in FIG. 14, followed by a photolithography step. In 
20 FIG. 15, the polysUicon 70 is plasma etched to pattem that polysiUcon layer, followed by a wet 
etch using concentrated hydrochloric acid to form the wicking structure on the glass wafer, 
which is then anodicaUy bonded to the silicon wafer, thus completing fabrication. 

FIG. 4 Illustrates basic specifications of a thermally enhanced microcLrcuit, such as 
shown in FIG. 6, with the different condenser area, evaporator length, groove height, groove 
25 width/number, vapor line hydraulic diameter, liquid line hydraulic diameter, maximum 
reynolds nimiber for the liquid line and vapor line. These figures only give an example of what 
types of package cotild be fabricated in accordance with the present invention. 

FIG. 5 illustrates a graph showing the maximimi heat transport versus the maximxmi 
liqidd/ vapor line length, showing the maximum liquid/ vapor line length in millimeters on the 
30 vertical axis, and the total Q, in watts (W), on the horizontal axis. 

FIG. 2 illustrates a test fixture 80 that could be used for testing the thermally enhanced 
microcircuit package 20a of the present invention and shows a printed wire board (PWB) 82 
with a connector 84 that would have a cable attached thereto for connection to a test mechanism. 
A flush, baU grid array (BGA) socket 86 receives a carrier 88 holding the thermally enhanced 
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microcircuit package, i.e., the thermally enhanced ball grid array (TBGA) package for the 
instilated gate bipolar transistor. 

FIG. 17A iQustrates a first embodiment of the package 20a, and showing the wicking 
structure 46 received within the evaporator 40, and the fluid 50 reservoir associated with the 
5 evaporator. The vapor lines and liquid lines are connected to the condenser 42 as described 
before. FIG. 17B is a cross section of the structure shown in FIG. 17A. 

The structure in FIG. 17A, can have the following examples (A and B) of specifications 
for an operative insulated gate bipolar transistor ball grid array package as illustrated: 
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Evaporator Length 
Evaporator Width 
Condenser Area 
Groove Height 
Groove Width/ Number 
Vapor Line Width 
Liquid Line Width 
Vapor/ Liquid Line Length 
Liquid Line Re Number 
Vapor Line Re Number 
Projected Heat Removal 



A 

1000 microns 

50 microns 
5.0e+05 sq. microns 
50 microns 
50 microns / 4 
150 X 350 microns 
150 X 150 microns 
25 mm 
28 
434 

4 watts 



B 

1000 microns 
500 microns 
5.0e+05 sq. microns 
50 microns 
50 microns / 4 
150 X 450 microns 
150 X 150 microns 
35 mm 
43 
494 

4 watts 



20 FIGS. 18 A and 18B show another embodiment where the fluid reservoir 50 is spaced, 

as shown in FIG. 18A. Thermocouple receiving weUs 90 are formed in the vapor lines and 
liquid lines for receiving thermocouples that measxire temperature. A fill hole 92 is operatively 
connected by filling lines to the condenser, while a separate fluid reservoir is connected by the 
reservoir feed Line to the evaporator, as shown in FIGS. 18A and 18B. 

25 The structure of FIGS. 18A and 18B can have various dimensions, and as an example, 

are: 

Evaporator Length 

Evaporator Width 
Condenser Area 
30 Groove Height 

Groove Width/Number 

7 



A 

2000 micrpns 
1000 microns 
2.0e+O6 sq. microns 
50 microns 
50 microns / 8 



B 

2000 microns 
1000 microns 
2.0e+06 sq. microns 
50 microns 
50 microns / 8 
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Vapor Line Width 
Liquid Line Width 
Vapor/ Liquid Line Length 
Liquid Line Re Number 
Vapor Line Re Number 
Projected Heat Removal 



150 X 350 microns 

150 X 150 microns 

25 mm 

42 

578 

4 watts 



150 X 450 microns 

150 X 150 microns 

35 mm 

42 

488 

4 watts 



FIG. 19 illustrates an embodiment where the condenser is formed within ilie silicon 
base, i.e., silicon wafer, while various substrates, such as different ceramic substrate, e.g., low 
temperature co-fired ceramic, include an evaporator and Unes as shown in FIG. 19. Two layers 
10 100, 102 are followed by the evaporator layer 104. 

Examples of the dimensions for the structure of FIG. 19 are shown below: 



15 



20 



Evaporator Length 
Evaporator Width 
Condenser Area 
Groove Height 
. Groove Width/ Number 
Vapor Line Width 
Liquid Line Width 
Vapor/ Liquid Line Length 
Liquid Line Re Number 
Vapor Line Re Number 
Projected Heat Removal 



10000 microns 
50000 microns 
7,5e+09 sq. microns 
150 microns 
50 microns / 50 
2500 X 1300 microns 
1000 X 1300 microns 
30 mm 
312 
4379 

227 watts 



The present invention provides an efficient and easily fabricated, self-contained and 
enclosed loop system. It is formed as a microelectromechanical (MEMS) cooling module that 

25 has a capillary piunped loop cooling circuit with an evaporator, condenser, and intercormeqting 
cooling fluid channels. The fluid used could be alcohol or water, depending on end use 
application and necessary heat exchange requirements. The wicking structure can be fabricated 
in a glass wafer, as shown in the steps of FIGS. 13-16, or could be fabricated in silicon, 
depending on end use requirements. The reservoir ports, including the fill ports, could be 

30 relocated and different ports added to aid in filling, and provide direct Kquid access to the 
evaporator. 

Temperature measurement wells are also provided as shown in FIG. 18A. The 
thermocouples would give the temperature in the evaporator, condenser and cooling fluid Unes. 
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Both vertical and horizontal configurations could be fabricated. The structure can be 
integrated into electronic micro packages, while making the use of high surface-to-volume ratios 
to enhance heat transport The structure caii make use of micro scale heat transport concepts 
and can be integrated directly into silicon and SiC electronic packages for high heat flux/high 
5 temperature applications, while reducing mass, volume and the cost of thermal management 
approaches. The integrated cooling drcuit decreases the interfaces providing for the potential 
to increase electronics reliability. Microf ins could also be integrated into an electronics package. 

The thermally enhanced package, such as the thermally enhanced ball grid array 
package for the IGBT as illustrated, can be adapted for use with traditional thermal 
1 0 myanagement techniques, and provide miiltiple interconnect paths for high current applications. 
It is expandable to include sensing and control interconnects and can be used for circuit 
isolation, and adjustable over current protection. It can have a software triggable shutdown, 
or manually triggable shutdown. 

A thermally enhanced microcircuit package includes a microcircuit package having a 
15 microcircuit device cavity that receives a microcircuit device. A microelectromechanical 
(MEMS) cooling module is operatively connected to the microcircuit package and forms a 
capillary pumped loop cooling circuit having an evaporator, condenser and interconnecting 
cooling fluid channels for passing vapor and fluid between the evaporator and condenser and 
evaporating and condensing the cooling fluid. 
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CLAIMS: 

1, A thermeilly enhanced microcircuit package comprising a microcrrcmt package 
having a microcircuit device cavity, a microcircuit device received within the microcircuit 
device cavity, and a microelectromechanical (MEMS) cooling module operatively connected to 

5 said microcircuit package, said cooling module including a capillary pumped loop cooling 
circuit having an evaporator, condenser and interconnecting cooling fluid channels for passing 
vapor and fluid between said evaporator and condenser and evaporating and condensing the 
cooling fluid, said evaporator is operatively associated with said microcircuit device for cooling 
said microcircuit device when in use. 

10 2. A thermally enhanced microcircuit package as claimed in claim 1, wherein said 

evaporator and condenser are both formed within a silicon base, and said condenser is formed 
within a silicon base and said evaporator is at least partially formed within said microcircuit 
package. 

3. A thermally enhanced microcircuit package as claimed in claim 2, wherein said 
15 microcircuit package is formed of low temperature co-fired ceramic (LTCC). 

4. A thermally enhanced microcircuit package as claimed in claim 1, wherein a 
cooling fluid reservoir is operatively connected to said evaporator, with a wicking structure 
formed within said evaporator. 

5. A thermally enhanced microcircuit package as claimed in claim 1, wherein said 
20 evaporator and said condenser are formed as a plurality of grooves, each having height and 

width of about 25 to about 150 microns, in which said cooling fluid channels are formed as a 
plurality of vapor lines and a plurality of liquid lines having a length substantially greater than 
said width and height. 

6. A thermally enhanced microcircuit package comprising a microcircuit package 
25 having a microcircuit device cavity, a microcircuit device received within the microcircuit 

device cavity, and a microelectromechanical (MEMS) cooling module operatively connected to 
said microcircuit package, said cooling module including a capiQary pumped loop cooling 
circuit having a silicon base and an evaporator, condenser and interconnecting cooling fluid 
channels associated with said silicon base for passing vapor and fluid between said evaporator 
30 and condenser and evaporating and condensing the cooHng fluid, said evaporator is operatively 
associated with said microcircuit device for cooling said device when in use, and a glass cover 
positioned over said silicon base and closing said evaporator, condenser and intercormecting 
cpohng fluid channels. 
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7 . A thermally enhanced microoircuit package as claimed in claim 6, where 
said evaporator and condenser are both foimed within said silicon base, and said 
condenser is fomied within said silicon base and said evaporator is fonned within said 
microcircuit package^ in which said microcircuit package is fomied of low temperature 

5 co-f!rcd ceramic (LTCC) material* 

8. A thermally enhanced microcircuit package as claimed in claim 7. 
wherein a cooling fluid reservoir is operativcly connected to said evaporator, a 
wicking ^structure formed within said evaporator, said evaporator and said 
condenser are formed of a plurality of grooves, each having height and width of 

10 about 25 to about ISO micronSi in which said cooling fluid channels arc formed as 
plurality of vapor lines and a plurality of liquid lines, each having a length 
substantially greater than said width and height. 

9. A thermally enhanced bail grid array package comprising a ball grid 
array package and having a ball grid array and a microcircuit device cavity, a 

15 microcircuit device received within the microcircuit device cavity, and a 
microelectromechanical (MOMS) cooling module operativcly connected to said 
ball grid array package, said cooling module including a capillary pumped loop 
cooling circuit having an evaporator, condenser and interconnecting cooling fluid 
channels for passing vapor and fluid between said evaporator and condenser and 

20 evaporating and condensing the cooling fluid, wherein said evaporator is 
operativcly associated with said microcircuit device for cooling said device when 
in use. 

10. A thermally enhanced ball grid array package as claimed in claim 9, 
wherein said microcircuit device is formed as an insulated gate bipolar transistor, 

25 said insulated gate bipolar transistor is ribbon bonded to said ball grid array. 

11. A thermally enhanced ball grid array package as claimed in claim 9, 
wherein said evaporator and condenser arc both formed within a silicon base, said 
condenser is formed within a silicon base and said evaporator is formed at least 
partially within said ball grid array package, said ball grid array package is formed 

30 of low temperature co-fired ceramic (LTCC), including a cooling tluld reservoir 
operativcly connected to said evaporator. 
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12. A thermally enhanced ball grid array package as claimed in claim 9, 
wherein a wicking structure formed within said evaporator* said evaporator and 
said condenser are formed of a plurality of grooves each having height and width 
of about 25 to about 150 microns, in which said cooling fluid channels are formed 

5 as a plurality of vapor linos and a plurality of \\<ivdd lines, each having a length 
substantially greater than said width and height. 

13, A method of forming a microelectromechanical (MEMS) cooling 
module comprising the step of: 

deep reactive ion etching a silicon wafer and oxide layer deposited thereon 
10 to form a condenser, evaporator and interconnecting cooling fluid channels that arc 
configured for attachment to a microcircuit paclcage^ said deep reactive ion etching 
step comprises a first deep reactive ion etching $tep to form a through-hole, and a 
second deep reactive ion etching step to form cooling fluid channels* including the 
evaporator and condenser, including the step of plasma etching the deposited oxide 
15 layer to pattern the silicon wafer. 
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Micro-CPL specifications. 



condenser area 
evaporator length 
groove height 
groove width/number 
vapor line hyd. dia. 
liquid line hyd. dia. 
max Reynolds no. 
liquid line 
vapor line 



2.5+05 sq. micron 
1000 micron 
50 micron 
50 micron/5 

200 micron (300x150 micron) 
150 micron (150x150 micron) 

Re = 28 
Re =434 



FIG. 4. 
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FIG. 5, 
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1) Thermal Oxide Deposition (2fj,m) 
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3) Plasma Etch to Patlem Oxide Layer 



FIG. 7, 
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4) Second Photolithography 



FIG. 10. 




6) DRIE (Deep Reactive Ion Etching) of Through-hole FIG- 11 
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Si-Wafer 
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6) Second DRIE to create fluldic channels FIG. 12. 



wo 02/052644 



PCT/USOl/45063 



5/8 
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1) Undoped Polysiiicon Deposition (1.4^m) 



FIG. 13. 
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2) Photolithography 
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3) Plasma Etch to Pattern Polysiiicon l-ayer 



FIG. 15. 



Glass Wafer 
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4) Wet Etch using Concentrated HF 
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FIG. 18B. 



wo 02/052644 



PCT/USOl/45063 




